Abstract Acute cold restraint stress (ACRS) has been reported to suppress host defenses against Listeria monocytogenes, and this suppression was mediated by beta1-adrenoceptors (β1-ARs). Although ACRS appears to inhibit mainly early innate immune defenses, interference with leukocyte chemotaxis and the involvement of β1-AR (or β2-AR) signaling had not been assessed. Thus, the link between sympathetic nerve stimulation, release of neurotransmitters, and changes in blood leukocyte profiles, including oxidative changes, following ACRS was evaluated. The numbers of leukocyte subsets in the blood were differentially affected by β1-ARs and β2-ARs following ACRS; CD3 + (CD4 and CD8) T-cells were shown to be decreased following ACRS, and the T cell lymphopenia was mediated mainly through a β2-AR mechanism, while the decrease in CD19 + B-cells was influenced through both β1-and β2-ARs, as assessed by pharmacological and genetic manipulations. In contrast to the ACRS-induced loss of circulating lymphocytes, the number of circulating neutrophils was increased (i.e., neutrophilia), and this neutrophilia was mediated through β1-ARs. The increase in circulating neutrophils was not due to an increase in serum chemokines promoting neutrophil emigration from the bone marrow; rather it was due to neutrophil release from the bone marrow through activation of a β1-AR pathway. There was no loss of glutathione in any of the leukocyte subsets suggesting that there was minimal oxidative stress; however, there was early production of nitric oxide and generation of some protein radicals. Premature egress of neutrophils from bone marrow is suggested to be due to norepinephrine induction of nitric oxide, which affects the early release of neutrophils from bone marrow and lessens host defenses.
Introduction
Stress is well known to increase susceptibility to bacterial infections (Biondi and Zannino 1997; Avitsur et al. 2006; Freestone et al. 2008) . Although the mechanisms underlying this process are incompletely defined, there is compelling evidence that stress alters early innate immune responses to bacterial infections through stress-induced effects on betaadrenoceptors (β-ARs), especially β1-ARs (Cao et al. , 2003a Emeny et al. 2007) .
Previous studies have shown that acute cold restraint stress (ACRS) significantly inhibits host resistance to Listeria monocytogenes (LM) in BALB/c mice Cao et al. 2003a, b; Emeny et al. 2007) . With the use of severe combined immunodeficiency (SCID) mice on the same BALB/c background, it was shown that one or more components of the innate immune system (i.e., neutrophils, macrophages, NK cells, dendritic cells) were more than capable of detecting and controlling early LM proliferation and thus providing partial protection against LM infection (Bhardwaj et al. 1998; Cao et al. 2003b ). However, these SCID mice suffer from more chronic (i.e., weeks) LM infections, because they lack adaptive immune cells (i.e., CD8 + ), which are required to provide sterilizing immunity (Bhardwaj et al. 1998) .
SCID is a genetic disorder, which is characterized by the inability of the adaptive immune system to mount, coordinate and sustain an appropriate antigen-specific immune response, which is due to absent T and B lymphocytes. These SCID mice showed greater early host resistance to a low dose LM challenge than that of control mice, not only after ACRS, but also without any previous stress (Cao et al. 2003b ). This suggests that the adaptive immune system is not required in order to mount a robust and effective immune response to a non-lethal low dose of LM during the early phases of infection; however, it is required to completely eliminate higher doses of bacteria and prevent low dose chronic infections. Thus, the hypothesis is that the decreased host resistance seen at day 3 of LM infection in ACRS-treated mice was likely associated with a stressinduced alteration of an aspect of the innate immune response. Studies with β-AR knockout mice, β-AR antagonists, and adoptive transfer studies have concluded that decreased host resistance to LM following ACRS involves the sympathetic nervous system (SNS) and that it is mediated by β1-AR Cao et al. 2003a; Emeny et al. 2007 ). Since neutrophils are one of the most important early innate immune cells in defense against LM infection and are mobilized upon stressful events (Brenner et al. 1998 ), a main focus was on whether ACRS can modulate neutrophil trafficking.
Neutrophil release from the bone marrow (BM) is a highly regulated homeostatic process in order to maintain a readily available pool of neutrophils for responses to a microbial pathogen (bacteria, fungi, etc.) while minimizing damage to host tissue (Eash et al. 2009 ). It is essential that neutrophil numbers in the blood be tightly regulated because persistent neutropenia is associated with immunodeficiency (Rezaei et al. 2009 ), whereas excessive neutrophil infiltration and activation contributes to tissue damage in certain inflammatory disorders, such as rheumatoid arthritis (Eash et al. 2009 ). Neutrophil homeostasis is maintained through a balance of production, release from the BM, and clearance from circulation (Christopher and Link 2007) . The BM plays a major role in the regulation of neutrophil release under two circumstances: homeostatic release of neutrophils that have reached maturity and accelerated release of mature cells in order to mediate an acute inflammatory response (Suratt et al. 2004 ). This study was designed to determine if ACRS affects release of neutrophils from the BM and/or causes additional redistribution of leukocytes. ACRS induced early BM neutrophil mobilization into peripheral circulation through a β1-AR based mechanism, whereas blood lymphocytes were depleted from the blood after ACRS, which was influenced by β1-AR and/or β2-AR. The early mobilization of BM neutrophils and loss of circulating lymphocytes are suggested to play a role in the ACRS-induced increased susceptibility to bacterial infections, in part, due to a process referred to as neutrophil exhaustion (Navarini et al. 2009 ).
Materials and methods

Animals
Male BALB/cAnNTac (BALB/c) mice (Taconic, Germantown NY) were purchased at 5-7 weeks and were housed in a pathogen-free environment with food and water ad libitum. The β1-AR deficient mice were generated by eight generations of backcrossing of the FVB/N-β1-AR −/− mice (provided by Dr. B. Kobika, Stanford University, Palo Alto, CA) to the BALB/c mice. All mice were maintained in the AAALAC-approved Animal Facility of Wadsworth Center on a 12-h light/dark (7 AM to 7 PM) cycle and were allowed to acclimate for at least 1 week before they were used at the ages of 8-10 weeks.
Acute cold restraint stress
All ACRS experiments were conducted as previously described (Cao et al. , 2003b . Mice were individually restrained in a well-ventilated plastic 60-ml syringe (Sherwood Medical Company, St. Louis, MO) at 4°C for 1 h. Mice can move forward and backward in the syringe but cannot turn head to tail. The ACRS was always performed between 10 AM and noon in order to minimize normal physiological changes associated with circadian rhythm. The control mice were left in their original cages undisturbed during the same time period. All animal procedures were approved by the IACUC of Wadsworth Center (Protocol# 06-278).
Beta-adrenoceptor blockers
All beta-blockers were purchased from Sigma (St. Louis, MO). All drugs were dissolved in sterile phosphate buffered saline and injected intraperitoneally (IP) based on body weight (BW). Atenolol (β1-AR antagonist) was given at 20 mg/kg BW and ICI-118,551 (β2-AR antagonist) was given at 15 mg/kg BW. All drug or vehicle (placebo) injections were given immediately prior to ACRS. Doses were chosen based on a previous study (Cao et al. 2003a ).
Chemokine, antibodies, and reagents
Recombinant mouse SDF-1α (CXCL12) was purchased from R&D (Minneapolis, MN); PerCP-anti-mouse CD 45, allophycocyanin (APC)-anti-mouse CD3, phycoerythrin (PE)-anti-mouse CD19, PE:FITC anti-mouse CD4, FITC anti-mouse CD8a and FITC anti-mouse CD49b/Pan-NK (DX5) were purchased from Pharmingen (San Diego, CA). Rabbit anti-DMPO nitrone adduct and HPR-goat anti-rabbit IgG was purchased from Abcam (Cambridge, MA). Phenylmethyl-sulfonyl fluoride (PMSF), sodium orthovanadate; benzamidine; N,N,N′,N′-tetramethylethylenediamine, and polyoxyethylenesorbitan monolaurate-Tween® 20 were purchased from Sigma. 2-Mercaptoethanol (2ME), acrylamide, sodium dodecyl sulfate (SDS), bis N,N′-methylene-bis-acrylamide, and Precision Plus Protein Unstained Standards were purchased from Bio-Rad (Hercules, CA). Dimethylsulfoxide (DMSO), BCA Protein Assay Kit, and SuperSignal® West Pico Chemiluminescent Substrate were from Pierce (Rockford, IL). Triton X-100 was from Boehringer Mannheim (Mannheim, Germany).
Beta-receptor staining
After exposure to ACRS, the mice were sacrificed, and blood was collected in pre-chilled EDTA-2 Na tubes; 200 μl of the EDTA blood was dispensed into 5-ml Polystyrene tubes and diluted with 2 ml Pharmlyse to lyse the erythrocytes (RBC). The blood lacking RBC was further diluted with an additional 2 ml PBS/0.1 % NaN 3 and then washed 2× with PBS/0.1 % NaN 3 . Cells were resuspended in 100 μl PBS/0.1 % NaN 3 containing 1 μg Fc Block/10 6 cells and incubated on ice for 5 min. Cell surface-specific antibodies (0.5 μg) were added to each tube and incubated on ice for an additional 30 min in the presence of Fc block. Cells were washed 2× with PBS/0.1 % NaN 3 , and 100 μl of fixation buffer (4 % paraformaldehyde) was added to each tube and incubated for 20 min on ice. Cells were washed 2× with permeabilization buffer. Anti-β-AR antibodies or isotype controls were added to the appropriate tubes in 100 μl of permeabilization buffer (BD Biosciences, San Jose, CA) and incubated for 30-60 min on ice. Cells were washed and incubated with FITC goat anti-rabbit F(ab) 2 antibody for 30 min. Cells were washed and analyzed by flow cytometry (BD FACSCalibur).
FACS analysis
Blood (600-800 μl) was collected in EDTA (K 3 ) tubes (BD Vacutainer®, Franklin Lakes, NJ) from a cardiac puncture; 50 μl was mixed with 20 μl of a fluorescently labeled antibody cocktail against various cell surface markers in a BD Trucount™ Tube (BD Bioscience) and allowed to incubate at room temperature (RT) for 20 min. After the incubation period, 450 μl of BD FACSTM Lysing Solution (BD Bioscience) was added to each tube, and the samples were analyzed with a Becton Dickinson FACSCaliber flow cytometer.
Cell preparation
Mononuclear cells were isolated from mouse whole blood, spleens or bone marrow (BM) cells using a mouse Ficoll technique previously described (Davidson and Parish 1975) . Briefly, cell suspensions were layered on top of 1 ml mouse Ficoll and centrifuged at 1,000×g (2,500 rpm) for 20 min at room temperature. The mononuclear cells were harvested and washed twice, once with PBS at room temperature and then once with mouse complete RPMI 1640 containing 10 % HI FBS, glutamine, Pen/Strep, NEAA, NaHCO 3 , gentamicin, sodium pyruvate at 4°C. Cells were then counted and diluted to the appropriate density.
FACSARIA Sort
FACS Sorting of Leukocyte subsets was performed using a FACSARIA™ (Becton Dickinson, San Jose, CA). Single cell leukocyte populations were generated from mouse spleen or BM, as previously described. Erythrocytes were removed by hypotonic lysis and the remaining cells were counted using a Coulter Counter. Leukocytes (15×10 6 ) were incubated in antibody binding buffer (PBS, 0.5 % BSA plus 0.5 μg FC Block per 10 6 cells) for 10 min at RT. Antibody Cocktails were added based on the leukocyte subset to be sorted. CD4 cells (CD4/CD45/CD3), CD8 (CD8/CD45/CD3), CD19 (CD19/CD45/CD3), neutrophils (GR-1/CD45/CD11b), monocytes (F4/80/CD45/CD11b).
DNA isolation
A mouse tail (0.5-1 cm) was digested in 400 μl lysis buffer (10 mM Tris, 25 mM EDTA, 75 mM NaCl and 1 % SDS in Sterile MilliQ H 2 O at pH 8.0) containing 400 μg/ml freshly added Proteinase K (16 μl of 10 mg/ ml Proteinase K Stock in 384 μl lysis buffer) and incubated at 50°C overnight. An equal volume of phenol: chloroform (1:1, v/v) was added to each tube, vortexed and then spun at RT in an Eppendorf centrifuge at 13,800×g (13,000 rpm) for 10 min. The top 350-μl aqueous layer was transferred to a new Eppendorf tube and an equal volume (350 μl) of chloroform was added, vortexed and centrifuged as described above. The top 300-μl aqueous layer was removed and added to a new Eppendorf tube containing 750 μl of ice-cold 100 % ethanol containing 60 μl of 10 M ammonium acetate and placed in the −80°C freezer for 15 min. After 15 min, the samples were centrifuged at 13,800×g at 4°C for 10 min and the supernatant was aspirated being careful not to aspirate the DNA pellet. The DNA pellet was washed twice with 200 μl of ice-cold 70 % ethanol using the 4°C centrifuge. The supernatant was aspirated off and the remaining ethanol was allowed to evaporate. The DNA pellet was resuspended in 100 μl of sterile water and dissolved in a 37°C water bath for 2 h. DNA amount and purity were determined by measuring absorbance at 260 nm and 280 nm of a 1:100 dilution of sample in sterile water (i.e., 10 μl sample + 990 μl H 2 O) using water as the reference buffer. Ideally the ratio of Abs 260/280 should be within 1.8-2.0. DNA was calculated as ng/μl 0 Abs260 × 50 × 100 dil. Samples were labeled and stored at −20°C until use. For isolated leukocyte subsets, the same protocol was used except all volumes were reduced by half.
PCR
Total DNA was isolated from the various purified leukocyte subsets. Primer sequences were as described by Swanson et al. (2001) for mouse β1-AR and β3-AR and Taconic Biotechnology for β2-AR. The sequences were as follows: β1-AR (FWD, 5′-AAACTCTGGTAGCGAAAGGGGAC-3′ and REV, 5′-TCTGCTCATCGTGGTGGGTAAC-3′); β 2-AR (FWD, 5′-ACTTCCTTAGGGATGAGGTTGTCC-3′ and REV, 5′-TTGCCTATCCAGATGCACTGGTAC-3′); and β3-AR (FWD, 5′-CGAAGAGCATCACAAGGAGGG-3′ and REV, 5′-CGAAACTGGTTGCGGAACTGTGT-3′). The primers were purchased from Integrated DNA Technologies, Inc. (www.idtdna.com). PCR amplification was performed using a Genius thermocycler (Techne, Inc.) initially for 3 min at 95°C; followed by 35 optimized annealing temperature cycles (30 s at 94°C; 30 s at 61°C; 45 s at 72°C), followed by 5 min at 72°C and then held at 10°C for up to 18 h until use.
DNA gel preparation
A 2 % agarose gel was prepared by dissolving 0.6 g Seakem® GTG® agarose in 30 ml of 0.5× TBE buffer for 2 min in a microwave. After the agarose had cooled slightly, 5 μl of ethidium bromide (10 mg/ml) was added and the agarose was poured into the mold. While the gel solidified, 2 μl of 6× DNA dye was added to each PCR sample tube and mixed. Next, 0.5× TBE buffer was used to submerge the entire gel and 4 μl of DNA Ladder or sample was added to each well. The gel was run at 140 V/2 A for 30 min in a Horizon™ 58 Horizontal Gel Electrophoresis System (Life Technologies, Inc., Gaithersburg, MD) and imaged using a FUJI-FILM Luminescent Image Analyzer LAS-3000.
RT-PCR analysis
RNA isolation and analysis of expression was assayed as previously described (Swanson et al. 2001 ).
Oxidative stress (GSH and nitric oxide production)
Measurement of nitrite production
Serum was collected for nitrite determination as previously described (Tian et al. 1995) . Briefly, Griess reagent (100 μl) (a 1:1 mixture of 1 % p-aminobenzenesulfonamide in 5 % H 3 PO 4 and 0.1 % naphthylethylenediamine dihydrochloride in H 2 O) were added (v/v) to diluted serum and standard (NaNO 2 ) in 96-well plates. Plates were incubated at room temp for 10 min and absorbance was measured at 550 nm in a plate reader and concentration was determined from the standard curve.
Intracellular GSH-NEM assay
GSH levels were measured with leukocyte subsets from control and ACRS-treated mice using forward and side light scatter as well as the general leukocyte marker CD45 to gate out debris and contaminating erythrocytes. Lymphocytes, monocytes and granulocytes were gated and analyzed for intracellular glutathione levels with a monoclonal antibody to GSH-NEM (GeoMean Intensity); 250 μl of paraformaldehyde fixed cells were aliquoted to tubes containing 250 μl of Cytofix/Cytoperm™ for 15 min on ice. One milliliter of BD Perm/Wash™ (±10 mM NEM) was added to the appropriate tubes and incubated for 20 min on ice. Cells were washed 2× with 1 ml BD Perm/Wash™ and resuspended in 100 μl BD Perm/Wash™ containing 10 μg of 8.1GSH-NEM (Alexa 647) and 1 μg of Per-CP anti-mouse CD45 and incubated for 30 min on ice in the dark. Cells were washed twice with 1 ml BD Perm/Wash™ and resuspended in 500 μl PBS for flow cytometric analysis of intracellular GSH levels.
Transwell chemotaxis assay
All cell concentrations were adjusted to approximately 10×10 6 cells/ml. First, 100 μl of cell suspension (1×10 For Matrigel Transwell studies, the same protocol as above was used, except the Transwell membrane had been pre-coated with 100 μl of 1 mg/ml of Matrigel and incubated at 37°C for 1 h prior to adding cells. Matrigel is a liquid at 4°C and gels at room temperature and above to form a thin gel like barrier on top of the Transwell pores, which prevented random migration through the 5-μm pores.
Statistical analysis
Differences in mean levels of leukocyte subsets, glutathione, and oxidative burst between stress treated or control conditions within each strain were determined using the t-test. Error bars represent the standard error of the mean (SEM). Comparisons between subsets under each experimental condition were analyzed using one-way ANOVA and Tukey's multiple comparison post test unless otherwise described. All statistical analyses were performed with the software package SigmaStat (Jandeel Scientific, San Rafael, CA). Differences were considered significant if p<0.05.
Results
Effect of ACRS on the presence of leukocyte subsets in the blood ACRS was performed between 10 AM and 12 noon to minimize any potential circadian effects on the initial leukocyte populations. Mice were given ACRS for 1 h and then either sacrificed immediately or allowed to recover in their cages for varying amounts of time (Fig. 1) . ACRS reduced the number of lymphocytes and monocytes in the circulation immediately following ACRS. Although there was a slight decline in the number of neutrophils immediately following ACRS, at 2 h following the initiation of ACRS, the number of neutrophils in the blood significantly increased. This lymphocytopenia/neutrophilia effect was most evident between 2 and 6 h following initiation of ACRS. The ACRS effects were less evident at 12 and 24 h due mainly to changes in overall leukocyte subsets of the control mice, which may be due to their normal diurnal leukocyte variations (Dhabhar et al. 1994) . The 12 h time point corresponded to 10:00-11:00 PM, which would be when the mice are normally becoming active (Lucin et al. 2007) . Since 2 h was the earliest time point that showed the major effect of ACRS (i.e., lymphocytopenia/neutrophilia), all later experiments assayed the mice at 2 h following the initiation of ACRS.
The altered distribution of leukocytes seen with ACRS is differentially mediated through β1-AR and β2-AR With use of the nonselective β-antagonist propanolol, it was previously suggested that leukocyte trafficking is mediated through a β-adrenergic signaling mechanism (Benschop et al. 1996a, b; Engler et al. 2004 ). Therefore, to determine which subtype of β-AR was involved, the selective β1-AR antagonist atenolol and the β2-AR antagonist ICI 118,551 were utilized. Male BALB/c mice were weighed and randomly put into one of the following treatment groups: vehicle (i.e., phosphate buffered saline), atenolol (20 mg/ kg BW) or ICI 118,551 (15 mg/kg BW). Dosages utilized were based on a previous report (Cao et al. 2003a ). Each treatment group was divided (non-stressed control group and ACRS group) as previously described. Atenolol suppressed the ACRS-induced neutrophilia (Fig. 2a) ; atenolol also partially prevented the ACRS-induced lymphocytopenia effect. The inability of lymphocytes to reach control levels appears to be due to the atenolol treatment itself, in that mice treated with atenolol only had the same circulating levels of lymphocytes as the ACRS-treated mice that 
Lymphocytes
Granulocytes Monocytes Cell number/ ml blood Fig. 1 Effects of ACRS on presence of leukocytes in the blood. The absolute number of lymphocytes, monocytes and granulocytes were enumerated from 1 to 24 h following ACRS treatment. ACRS (1 h) mice and control mice were sacrificed immediately (1 h time point) or allowed to recover in their cages for varying amounts of time prior to bleeding. At early times (1 and 2 h), ACRS suppressed the numbers of lymphocytes and elevated the numbers of neutrophils received atenolol. ICI-118,551 prevented ACRS-induced lymphocyopenia (Fig. 2b) , but it had no effect on preventing the ACRS-induced neutrophilia. Therefore, blood leukocyte redistribution following ACRS seems to be mediated by β 1 -AR and β 2 -AR, which differentially regulate blood leukocyte distribution following stress.
The altered distribution of lymphocytes in blood observed after ACRS-induced lymphocytopenia is differentially mediated through β1-AR and β2-AR Atenolol and ICI-118,551 were further evaluated for their effects on the individual lymphocyte subsets. Atenololinduced lymphocytopenia was mainly due to its effect on the CD3 (CD4 and CD8) T-cells and not on the CD19 B-cells (Fig. 3a) . Atenolol did not prevent the depletion of CD4 or CD8 T-cells from the blood by ACRS. In fact, the atenolol injection itself substantially reduced the number of circulating T cells due to an unknown mechanism. In contrast to T-cells, atenolol prevented the loss of B-cells after ACRS. These individual lymphocyte subset results explain the results shown (Fig. 2a) , with regard to atenolol's inability to bring overall lymphocyte counts back to control mouse levels since T-cells outnumber B-cells. ICI-118,551 prevented the ACRS-induced decrease in all lymphocyte subsets (CD4, CD8, and CD19 lymphocytes; Fig. 3b ), and interestingly, blocking β2-ARs caused an increased number of circulating CD19 B-cells after ACRS even above that of untreated controls.
Mouse neutrophils express β1-AR mRNA Since mouse neutrophil trafficking was shown to be altered through β1-AR, in that atenolol prevented the increase after ACRS, the expression of β1-AR by neutrophils was assessed since it has been reported that human neutrophils express β2-ARs but not β1-ARs (de Coupade et al. 2004) . Mouse neutrophils were isolated from mouse femurs and purified by sorting with FACSAria (FACSORT). BM neutrophil preparations were enriched from 53 % to 91 % (Fig. 4a ). The purified neutrophils were then used to determine mRNA β1-AR expression by RT-PCR analysis. Neutrophils isolated from BALB/c mice express β1-AR mRNA (Fig. 4b) . In order to ensure that the β1-AR and β2-AR deficiency was appropriately detected, PCR was performed on mice lacking β1-AR and β2-AR (β1β2KO) (Fig. 4c) .
Mouse leukocyte expression of beta-ARs
Since our RT-PCR neutrophil population was not 100 % pure, to rule out any potential contamination from other cell types and to confirm that neutrophil β1-AR mRNA expression translates into expression of the actual receptor, β1-AR protein expression by leukocyte subsets was evaluated (Fig. 5) . All leukocyte subsets expressed β1-ARs, confirming the β1-AR mRNA data of neutrophils.
ACRS does induce oxidative stress and nitric oxide production although it did not affect the glutathione levels of the leukocyte subsets It was previously reported that ACRS lowers the expression of surface thiols on leukocytes, which suggests oxidative stress (Emeny and Lawrence 2006) . ACRS also enhances early expression of perforin, which affects cell membranes and cell viability (Emeny et al. 2007 ). Similar to the expression of perforin, ACRS induced early production of nitric oxide, which was measured as nitrite (Fig. 6) , and generated protein radicals (data not shown), as assayed with the nitrone spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO), which forms a conjugate with cysteine, tyrosine and tryptophan radicals (Ramirez et al. 2003) . Although there are signs of ACRS-induced oxidative stress, at 2-6 h following the initiation of ACRS, there was no difference in the amount of GSH in any leukocytes subsets between the control and ACRS-treated mice (Fig. 7) . However, there were differences in the quantity of GSH in lymphocytes, monocytes and neutropils with the greatest amount of GSH in neutrophils.
The neutrophilia following ACRS is due to release (activation/mobilization) of neutrophils from the bone marrow Control and ACRS BALB/c mice were evaluated for their leukocyte profiles 24 h following ACRS to determine if the increase in circulating neutrophils seen during the first 6 h following the initiation of ACRS came from the BM, thus causing BM neutrophil depletion (Fig. 8) . At 24 h, in the whole blood, all lymphocyte subsets (i.e., CD4, CD8 and CD19) were still below their normal circulating levels. These results are comparable to the circulating lymphocyte levels seen at 2 h following initiation of ACRS. However, by 24 h, the granulocyte population had reverted back to its normal circulating levels as seen in the control mice and had reduced the absolute numbers of granulocytes in the BM. Therefore, ACRS initiates mobilization of neutrophils from the BM, which depletes the BM of its normal neutrophil reservoir.
ACRS-induced neutrophilia was not mediated by an increase in circulating chemotactic factors specific to neutrophils
To determine if ACRS elevated the levels of chemotactic factors in serum, which could lead to the increase in circulating neutrophils following ACRS, sera from BALB/c control mice and BALB/c mice immediately following ACRS were collected. The control and ACRS sera were pooled and evaluated for their ability to attract different leukocyte subsets. Medium containing 5 % ACRS serum did not induce enhanced chemotaxis of any leukocyte subset from a normal BALB/c whole blood sample (Fig. 9a,b) . Due to the naturally high chemokinetic potential of neutrophils to actively migrate through the 5-μm Transwell pores in the absence of a stimulus, the same experiment was repeated using a Transwell pre-treated with 100 μl of 1 mg/ml of Matrigel. The Matrigel layer reduced the overall absolute numbers of leukocytes migrating to the bottom well, as well as, their overall percentage from the starting population. However, as in the previous experiment, there was no difference between the ACRS and control sera with regard to chemotactic potential on any leukocyte subset (Fig. 9c,d ).
Bone marrow neutrophil mobilization/activation is prevented in β1-AR −/− mice
The following experiment was conducted to determine if β1-AR −/− mice would display a similar whole blood and Fig. 7 Leukocyte subsets from whole blood were measured at 2 h following the initiation of ACRS for GSH Levels. RBCs were removed (i.e., hypotonic lysis of RBCs) from the whole blood sample and washed thoroughly. The leukocytes were fixed with 2 % paraformaldehyde and permeabilized using Cytofix/Cytoperm. Permeabilized cells were incubated with 10 mM NEM for 20 min, washed and then analyzed by Flow cytometry using a fluorescently labeled 8.1 GSH-NEM antibody. ACRS induced no significant change in any glutathione levels BM leukocyte profile 2 h following the initiation of ACRS as compared to our initial studies using the β1-AR antagonist atenolol in BALB/c mice. Lymphocytes numbers in whole blood were decreased in both the BALB/c and β1-AR −/− mice due to a decrease of CD3 + and CD19 + cells in the BALB/c mice and only CD3 + cells in the β1-AR −/− mice. In contrast, neutrophil presence in the blood was increased with BALB/c mice but not with β1-AR −/− mice (Fig. 10a) . These results are consistent with those with atenolol. Again, neutrophil mobilization was associated with BM neutrophil depletion (Fig. 10b) .
Responsiveness of BM neutrophils from BALB/c and B1KO mice sensitive to SDF-1α with or without ACRS It has been suggested that the SDF-1α/CXCR4 chemokine axis is what retains neutrophils in the BM. To determine if stress or the absence of B1-AR makes neutrophils less sensitive to SDF-1α, either through desensitization or surface down regulation of CXCR4, leukocyte subsets harvested from the BM were evaluated for sensitivity to the chemokine SDF-1α, using a modified Matrigel Transwell chemotaxis system. ACRS seems to make neutrophils somewhat less responsive to SDF-1α, but there were no significant differences (Fig. 11) .
Discussion
Stress has long been associated with alterations in leukocyte whole blood profiles and increased susceptibility to infection and disease. Our ACRS/LM model is consistent with that finding, in that mice exposed to ACRS have an increased LM bacterial burden in their livers and spleens compared to control mice Cao et al. 2003a, b) , and as shown herein, ACRS has an immediate and relatively short-term (≤24 h) affect on the peripheral blood leukocyte profile. This characteristic stress-induced response of lymphopenia and neutrophilia seen in whole blood is a common finding (Dhabhar et al. 1994 (Dhabhar et al. , 1996 , and it has been shown to be linked with elevated norephinephrine (NE) levels (Gruber-Olipitz et al. 2004 ). The early (2-6 h) leukocyte trafficking changes after ACRS are posited to be responsible for ACRS interference with host defenses against LM. Previously, no changes in cytokines or T cell activities could account for ACRSinduced loss of host defenses. ACRS kinetically altered the leukocyte profiles in whole blood. Between 2 and 6 h following the initiation of ACRS, altered levels of lymphocytes and neutrophils were observed in the blood of the ACRS treated mice. The early effects of ACRS on the peripheral blood leukocyte profile occurred at the same time as the elevated expression of NO. Although NO production is usually considered a positive factor in defenses against LM, when it is produced may be critical in the development of efficient immunity against intracellular pathogens. Induction of NO production has been connected to release of hematopoietic progenitors from their BM niche (Récalde et al. 2012) . Thus, early production of NO, which is influenced by SNS release of NE, may be associated with inopportune modulation of immune system defenses. The later (12-24 h) observed changes of leukocyte numbers in the blood likely correspond to circadian rhythm influences, in that the later times correspond to about 10 PM, which is the time when mice are normally becoming more active due to their nocturnal tendencies and corticosterone levels peak (Lucin et al. 2007 ). The 12-h time point may be due to normal diurnal fluctuations of leukocyte profiles (Dhabhar et al. 1994) . ACRS-induced interference with host defenses previously had been shown to relate to NE release Mice in the ACRS group were subjected to ACRS for 1 h at 4°C. Whole blood and bone marrow was harvested 24 h after the initiation of stress to evaluate leukocyte profiles; *p<0.05
and not the elevated level of corticosterone .
With the use of β-AR antagonists, the results suggest CD3 + lymphocyte trafficking is mediated through β2-AR, CD19 + lymphocyte trafficking is mediated through a combination of β1-and β2-ARs, and neutrophil trafficking is affected mainly by β1-AR. However, it has been previously reported that cell egress from the BM is regulated by β2-ARs (Katayama et al. 2006) . Since SCID mice, β1-AR −/− mice, mice pretreated with the β1-AR antagonist, and irradiated mice that received BM cells from β1-AR −/− mice had increased host resistance against LM infection compared to their wild type and knock-out/antagonist controls Cao et al. 2003a, b; Emeny et al. 2007) , results suggest that decreased host resistance to LM following ACRS may be mediated by the early changes in the leukocyte changes in the blood. Although it appears that β1-ARs affect both host defenses and leukocyte presence in blood, human neutrophils have been reported to be devoid of β1-AR (de Coupade et al. 2004 Coupade et al. , 2007 . However, mouse neutrophils are shown to express β1-ARs (Figs. 4 and 5 ), but this evidence still does not indicate direct NE influences on leukocytes are responsible for the trafficking changes. The present analysis of ACRS influences on the peripheral blood leukocyte profile was undertaken to address β-AR effects on ACRS-induced modulation of host defenses. SNS release of NE has been reported to induce NO production by endothelial cells (Récalde et al. 2012 ) and β2-AR signaling of osteoblasts has been reported to alter the Fig. 9 BALB/c mice were split into two groups: control or ACRS. Mice in the ACRS group were subjected to ACRS for 1 h at 4°C. Whole blood was immediately collected and allowed to clot for 30 min. The serum from the control and ACRS was removed and pooled for future analysis. All chemotaxis experiments used a chemotaxis media containing 5 % control or ACRS serum in a transwell chemotaxis system without (a, b) or with transwells pre-coated with 100 μl of 1 mg/ml Matrigel (c, d). There were no differences between control and ACRS sera CXCL12 (SDF-1a) interaction with CXCR4, which maintains hematopoietic progenitors in their BM niche (Katayama et al. 2006) . As noted, β-AR antagonists have implicated β2-ARs in the release of cells from the BM niche; however, most antagonists can affect β1-AR and β2-AR. The increased presence of neutrophils in the blood corresponded with a decreased number of neutrophils in the BM, and the release of neutrophils from BM was prevented with Atenonol and was also absent with β1-AR −/− mice. The neutrophils were not being called into circulation by an increase in circulating chemokines but rather probably released from the BM stromal environment due to SDF-1α desensitization through a β1-AR mechanism. The mechanism could be a direct effect of the SNS on neutrophils, themselves, and/or an indirect on the BM stromal niche. However, one of the proposed mechanisms involves the disruption of SDF-1α/CXCR4 interaction holding the cells in the BM. SDF-1α (CXCL12) acts through one known receptor CXCR4 that is expressed on CD34 + progenitors, megakaryocytes, platelets, B cells, T cells, mononuclear phagocytes and neutrophils (Bleul et al. 1996 (Bleul et al. , 1997 Förster et al. 1998; Möhle et al. 1998; Kowalska et al. 1999; Nagase et al. 2002) . It has been reported that the SDF-1α/CXCR4 axis plays a critical role in the retention of myeloid cells within the BM during their development (Nagasawa et al. 1996; Ma et al. 1998; Martin et al. 2003) . Mobilization of neutrophils into peripheral circulation occurs with G-CSF, which can disrupt the SDF-1α/CXCR4 axis within the BM environment (Suratt et al. 2004; Kim et al. 2006; Eash et al. 2009 ). G-CSF is the principle cytokine responsible for regulating the proliferation and differentiation of myeloid progenitors (Basu et al. 2002) and is a potent inducer of the release of neutrophils from the BM into peripheral circulation (Demetri and Griffin 1991) . G-CSF has been shown to directly down regulate CXCR4 expression on neutrophils at the cellular level (Kim et al. 2006) , while others have reported that it stimulates proteases to enzymatically breakdown SDF-1α within the BM. The BM microenvironment is rich in proteolytic enzymes released by neutrophils, including metalloproteinase-9 (MMP-9), neutrophil elastase and cathepsin G (Lévesque et al. 2002) , all of these factors have been shown to cleave and functionally inactivate SDF-1α (Delgado et al. 2001; McQuibban et al. 2001; Valenzuela-Fernandez et al. 2002) . Both mechanisms would have the potential to release neutrophils from the BM.
As suggested, ACRS induced neutrophil exhaustion through a β1-AR mechanism is posited to be responsible for the decreased host resistance to LM infection. Neutrophils are one of the most important innate immune cells in the early defenses against LM infection. However, the innate immune system response to LM is a sequential set of steps, which allow the neutrophils to sense a bacterial infection (i.e., cytokines, chemokines, inflammatory markers) and respond in the appropriate manner and time sequence. Once the neutrophils receive their external cues and become activated, they mobilize to the area of infectious foci (i.e., hepatocytes, spleen) to clear damaged and infected cells while simultaneously killing off the LM. Afterwards, the neutrophils, which have a limited life span once leaving the BM, are cleared in order to prevent excessive damage to the host tissues and organs beyond what is required to clear the infection. This normal neutrophil response has its maximum effect around day 3 following a low dose LM infection. This is the day when the greatest number of neutrophils have left the BM (Navarini et al. 2009 ) in response to the infection and when that bacterial burden within the organs (i.e., liver and spleen) become stabilized before the gradual decline in bacterial burden over the next 7-10 days. Since neutrophils have a finite life span once leaving the BM, the neutrophils need to be released from the BM at the appropriate rate and time for optimization of host defenses. Additionally, BALB/c or β1-AR −/− mice were split into two groups: control or ACRS. Mice in the ACRS group were subjected to ACRS for 1 h at 4°C. At 2 h following the initiation of ACRS, bone marrow was harvested and used to determine neutrophil chemotaxis to SDF-1α (100 ng/ml) using the modified Matrigel Transwell chemotaxis assay. There were no significant effects of ACRS or absence of β1-AR on chemotaxis released neutrophils enhance inflammatory processes, which also need to be properly timed. Elevated levels of enzymes, such as myeloperoxidase and metalloproteinases, and oxidants could interfere with T cell activation and enhance tissue accessibility of bacterial invasion.
Although LM infection, itself, is a stressor, the stress cues increase gradually over time and are correlated with the LM infection cues emanating from the infectious foci. However, it has been reported that if you give addition inflammatory or stress signals (i.e., bacterial antigens) in conjunction with a live dose of LM that it generates a scenario where a normal low dose infection of LM, which the animal would normally fight off, appears as a much higher dose in which the animal appears sicker and may actually become lethal (Navarini et al. 2009 ). It has been proposed that our ACRS model, through the immediate mobilization/activation of neutrophils, results in a similar scenario. By exhausting or tapping into the normal pool of mature neutrophils too early, it generates a scenario where a normal low dose infections (<10 4 ) mimics an infection seen with higher levels of LM (>10 4 ), which results in a more serious infection that could be lethal. Cold Stress and infectious challenge have been shown to evoke a sympathoadrenal response and increase NE turnover in the BM (Tang et al. 1999) .
The mechanisms of early mobilization/activation of BM neutrophils leading to neutrophil exhaustion through a stress induced β1-AR mechanism within the BM is suggested to be why otherwise normally healthy individuals may succumb to what should be a relatively mild inoculum of a bacteria after stressful events. Timely modulation of NE signaling might provide a preventive treatment regime to prevent stress-induced opportunistic infections. Several groups have tried controlling infections by stimulating neutrophil production with G-CSF; however, with little to no success. One common theme among these experiments was that G-CSF was given after the individual had already been exposed to the pathogen; however, the literature has suggested that there is a point during a lethal infection when increases in the G-CSF levels can no longer help control infection (Navarini et al. 2009 ). The key may relate to the treatment being given at the most appropriate time. This would not conducive to controlling normal daily exposures to pathogens, but it might play an important role as a pretreatment of individuals who are about to undergo what is known to be a stress event either psychologically or physically and would be prone to bacterial infections. A common example would be an individual in a hospital environment who is undergoing treatment or surgery. Assuming it would not cause any unwanted side effects within other organ systems, it would be interesting to know if giving individuals a β1-AR antagonist prior to a stressful event, like surgery, decreased incidence of post-operative infections within a hospital setting.
